Copper is an essential trace element and adverse health effects can potentially be associated with both very low and very high intakes. Accurate estimates of inhalation and ingestion (food and drinking water) exposures are therefore needed in order to realistically assess any effects of the distribution of copper intakes within the general population. The work presented here demonstrates an application of a customized subset of the MENTOR/SHEDS-4M computational system (Modeling ENvironment for TOtal Risk studies, employing the Stochastic Human Exposure and Dose Simulation approach, for Multimedia, Multipathway, Multiroute exposures to Multiple co-occurring contaminants. The application utilized data from the National Human Exposure Assessment Survey (NHEXAS) for USEPA Region V as well as from a variety of other available databases. The case study, using a statistical population-based modeling framework, was performed for Eaton County, MI. The results of the simulations, aggregated for six age subgroups of the general population, suggest that food intake is the major pathway for total copper exposure, while drinking water can have significant contributions at the tail of the distribution of intakes. Specifically, it was estimated that over 80% of the county population received potential doses of copper from food that were lower than the Institute of Medicine (IOM) Recommended Dietary Allowance (RDA) value of 900 mg/day. Furthermore, the total combined potential dose from food and water was only about two times greater than the recommended value only for individuals with intakes in the range above the 99th percentile of both food and water intakes. The values were well below the upper tolerable intake value of 10,000 mg/day. The inhalation route consistently acted as only a minor contributor to the total exposure.
Introduction
The overall objective of the modeling analysis reported here was an examination of population exposure to copper in the US through a representative case study that employed a new integrated, computer-based, system (framework) designed for ''source-to-dose'' assessments of multimedia, multipathway, multiroute exposures.
Copper is an essential trace element and therefore low doses can lead to deficiencies, which can have adverse developmental consequences; however, at high doses, copper can cause other toxic responses, including liver toxicity in sensitive populations (NRC, 2000) . Thus, it is important to be able to develop realistic and accurate population exposure assessments and assess potential related environmental health concerns in a way that accounts for the U-shaped curve associated with copper toxicity and essentiality. The modeling analysis presented here has utilized a national-level multiscale system, developed at the Computational Chemodynamics Laboratory (CCL) of the Environmental and Occupational Health Sciences Institute (EOHSI) (www.ccl. rutgers.edu), that links currently available exposure models and databases with Geographic Information Systems (GIS) tools, to provide a versatile platform for addressing a wide range of issues regarding population exposures to multimedia contaminants, including exposures to copper. The copperspecific implementation of this system, ''Copper_EXIS-USA'' (EXIS: Exposure Information System) has been described in Georgopoulos et al. (2002a, b) .
The present case study focuses on Eaton County, MI, which was part of the National Human Exposure Survey (NHEXAS) for USEPA Region V, conducted by the Research Triangle Institute (RTI)/EOHSI consortium . The methods of analysis presented here should, however, be directly transferable to other locations across the US as well as to other countries. However, coordinated efforts would be required in order to identify and make available similar archived information and databases for use in exposure characterizations. The framework employed in this work could in fact be used to identify critical data gaps and to specify data collection needs for improving assessments of exposures to copper.
Background
To assess human population exposures and doses to copper, data need to be retrieved (or collected) that can realistically be used to describe low intakes of copper which can result in deficiency, and high concentrations which can result in toxicity for those with potential genetic sensitivity (Georgopoulos et al., 2001 (Georgopoulos et al., , 2002a . Specifically, in order to link copper exposure to risk, the National Research Council (NRC, 2000) considered the hypotheses that a coppersensitive gene contributes to the hepatic copper toxicity observed in infants and young children ingesting high amounts of copper in milk and water. The current evidence is that manifestations of Tyrolean Infantile Cirrhosis (TIC), Indian Childhood Cirrhosis (ICC) and Idiopathic Copper Toxicosis (ICT) involve both heredity and high copper intake (Muller et al., 1996 (Muller et al., , 1998 Tanner, 1998) . A hypothesis stated by the NRC was that chronic ingestion of moderately increased amounts of copper produces disease in coppersusceptible genotypes (NRC, 2000) . In the general population there is a range of acceptable intakes that will meet essential copper requirements and pose no risk of toxicity. According to a report of the Institute of Medicine (IOM, 2001) , the primary criterion used to estimate the Recommended Dietary Allowance (RDA) for copper is a combination of indicators, including plasma copper and ceruloplasmin concentrations, erythrocyte superoxide dismutase activity, and platelet copper concentration in controlled human depletion or repletion studies. The RDA for adult men and women is 900 mg/day. The median intake of copper from food in the US is approximately 1.0-1.6 mg/day for adult men and women. The Tolerable Upper Intake Level for adults is 10,000 mg/day (10 mg/day), a value based on protection from liver damage as a critical adverse effect.
According to the NRC (2000), copper intake through diet appears to fall within the acceptable range for the average, normal, healthy individual. Furthermore, for most people, only a small fraction of an individual's intake of copper derives from drinking water; thus, drinking water is not considered to be an important source. However, leaching from copper plumbing could potentially result in some cases in a significant exposure to copper; the potential for copper toxicity is a concern in that case. To address this concern, the NRC (2000) conducted an analysis intended to provide guidance on the establishment of the maximum contaminant level goal (MCLG). A simplified, nationwide, exposure assessment to copper was performed for that purpose. Furthermore, to characterize risks associated with copper exposures, NRC (NRC, 2000) employed specific assumptions/hypotheses regarding the prevalence of sensitive populations and the degree to which copper in drinking water might contribute to copper excess in individuals in those populations.
The NRC concluded that a comprehensive nationwide survey for copper in drinking water was not available, and therefore it was not possible to accurately estimate copper intake via drinking water. There exist data, however, that could provide clues to the potential for copper overexposure via tap water. Since it is mandatory for water systems to sample for copper in first-draw water (i.e., after water has been motionless for at least 6 h) at the cold-water tap at locations in the water system vulnerable to copper contamination (USEPA, 1991 (USEPA, , 1994 , high levels are detectable and would be useful in exposure/dose characterizations. When the 90th percentile of samples exceeds 1.3 mg/l, the water purveyor must report that percentile value to the states and to the US Environmental Protection Agency (USEPA). In the NRC assessment (NRC, 2000) , the 90th percentile copper concentrations reported by water purveyors were examined from 1991 to 1999. The 7307 values reported correspond to roughly 4500 individual water systems. With a few exceptions, water systems reporting values greater than 5 mg/l are small, serving 3300 or fewer people and those measurements were taken in locations that served nonresidential consumers (recreational facilities and schools). The reported 90th percentile concentrations for numerous systems, some of which serve small communities, are high, suggesting the potential for copper overexposure.
Previous Modeling of Exposures to Copper in Drinking Water
A detailed model for calculating individual human acute and chronic exposures to copper in drinking water, entitled Consumption Habit Exposure Model (CHEM), was developed for Chile (Lagos et al., 1999) . The model can estimate daily exposure of individuals, as well as the peak concentration and dose of copper, which individuals ingest during a 24-h period. A model evaluation was performed through application, in a limited number of homes, of the Composite Proportional Sampling (CPS) method, which is used to measure chronic human consumption of contaminants from drinking water. There are three main sources of variability in a population exposure study of copper in drinking water: individual habits variability, chemical variability, and interindividual variability. It was established, during that model evaluation, that the first two sources of variability are crucial for completing an accurate exposure measurement. In some cases, these two sources can cancel each other out, whereas, in other cases, they can add to individual exposure estimation error. The CHEM model is not sensitive with respect to an individual's habits variability because the Water Consumption Habit Survey (WCHS) questionnaire asks for usual behavior. However, the CHEM model is very sensitive to changes in maximum concentration of copper measured on different days. The result suggests that in order to minimize estimation error of an individual's true exposure, measurements for the chemical variables used in the model should be made more than once, and preferably at least three times. From the perspective of essentiality, the model estimated that ingestion of copper from drinking water by the population of Santiago was on average 9% of the World Health Organization (WHO) recommendation for minimum total ingestion of copper for adults, assuming that 100% of the copper contained in drinking water is absorbed.
Methods
The present work employed newly available databases and computational tools to demonstrate the feasibility of evaluating the relative contributions of different media, pathways, and routes of exposure on copper intakes for the general population. Specifically, the case study utilized a subset of the MENTOR/SHEDS-4M implementation of EOHSI's Modeling ENvironment for TOtal Risk (MENTOR) studies (MENTOR) (Georgopoulos et al., 2004;  (1) media (e.g., water, food, dust), (2) pathways (e.g., drinking water, diet, hand-to-mouth), and (3) routes (e.g., oral, inhalation, dermal) to (4) multiple contaminant exposures for individuals or populations. It addresses aggregate and cumulative exposures to co-occurring pollutants in a consistent manner, and provides the ability to focus on mechanism-relevant time scales and subpopulations of interest; furthermore, it uses a two dimensional Monte-Carlo methodology to quantify variability and uncertainty in model inputs and outputs. MENTOR/SHEDS-4M includes various modules for retrieving information from up-to-date national, regional, and local databases that contain environmental, microenvironmental, biological, physiological, demographic, etc. parameters. The structure and all individual component databases of Copper_EXIS-USA, the exposure information system that is employed for copper-specific analyses in conjunction with MENTOR/SHEDS-4M, have been described in detail in Georgopoulos et al. (2001 Georgopoulos et al. ( , 2002a and are summarized schematically in flowchart form in Figure 1 . 
Population-Based Exposure Modeling (PBEM) for Copper within MENTOR
A PBEM framework was implemented within MENTOR to support characterizations of multimedia/multipathway exposures to environmental copper; the modules and information flows of this implementation are shown schematically in Figure 2 (Georgopoulos et al., 2002b) . This modeling framework considers all exposure routes to estimate population exposures and doses to environmental agents and thus significantly expands upon the goals of the CHEM Model (Lagos et al., 1999) that was described in the Background section. For the purposes of characterizing exposures to copper, the subset of MENTOR/SHEDS PBEM framework employs the following six steps that consider the air, water, and food exposure pathways (Georgopoulos et al., 2002b) :
(1) Estimation of the multimedia background levels of copper (air, water, and food) for the area where the population of interest resides. This can be done in general through a combination of environmental model predictions and measurement studies. (2) Estimation of multimedia levels (indoor air, drinking water, and food concentrations) and temporal profiles of copper in various microenvironments such as residences, offices, restaurants, etc.
(a) The air concentrations are calculated either using mass balance models or linear regression equations developed from analysis of concurrent indoor and outdoor air measurement data available for particular types of microenvironments (Burke et al., 2001 ). (b) The drinking water concentrations are obtained from regulatory monitoring databases (such as SDWIS/ FED (USEPA, 2005)) or field study measurements (such as NHEXAS (Whitmore et al., 1999) ). If such data are not available, the drinking water distribution is modeled using the EPANET2 model (Rossman, 2000) using treatment plant data to obtain the drinking water concentrations (see, e.g., Maslia et al. (2000) for a discussion of application of drinking water distribution modeling to epidemiological studies). For addressing the potential issue of copper leaching from the distribution network within the modeling performed for this step, the solubility model presented by Schock et al. (1995 Schock et al. ( , 2000 provides an approach to predict copper concentrations in drinking water in the US. However, it should be noted that this model has only been validated with limited drinking water data for copper dissolution and precipitation in the US, and has not been successful for predicting the copper concentration after stagnation in other regions of the world. (c) The food concentrations are obtained from survey studies such as the Total Diet Study (TDS) (USFDA, 2004) and the National Human Exposure Assessment Survey (NHEXAS) (Whitmore et al., 1999) . (3) Selection of a fixed-size sample population in a way that it statistically reproduces essential demographics (age, gender, race, occupation, education) of the population unit used in the assessment (e.g., a sample of 500 people is typically used to represent the demographics of a given census tract). intake rates for the members of the sample population, reflecting/combining the physiological attributes of the study subjects and the activities pursued during the individual exposure events.
(a) The inhalation rate is calculated based on the individual's age, gender, and the METS (metabolic equivalent of tasks) value associated with the activity pursued (see Georgopoulos et al. (2005) and references therein). (b) The drinking water and beverage consumption rates are estimated by extracting survey records matching the individual's demographic characteristics. The USDA's Continuing Survey of Food Intakes by Individuals (CSFII) is the most comprehensive database with information on this issue: it contains data on the quantity of ''plain drinking water'' and various other beverages consumed by individuals on two nonconsecutive days during the period of 1994 to 1996 and 1998 (Tippett, 1999) . The data used to estimate mean per capita intake rates combined 2-day dietary recall data from the survey years during which 15,128 individuals supplied 2-day intake data. Individuals from all income levels in 48 states and Washington DC were included in the sample. A MENTOR module has been developed to search the CSFII database and extract the drinking water and beverage intake rates based on age and gender. (c) Estimating the magnitude of dietary intake of copper requires the information on food consumption rates, composition of food item (recipe file), and copper residue (concentration) data in food. CSFII (Tippett, 1999) provides information on food consumption rates for the general US population. The Total Diet Study (TDS) database (Tao and Bolger, 1998; Baker et al., 2001) It is to be noted that the above steps mention specifically US databases as the sources of input information for the assessment. The approach, however, is universal and in principle could be applied to any location in the world where similar information is available or can be collected.
As mentioned earlier, a summary of the US databases available for supporting such detailed exposure assessments for copper is provided in the second volume of the monograph by Georgopoulos et al. (2002b) ; included are copper database descriptions for the US, grouped as multimedia exposure/biomarker studies (CDC-NHANES II and III, USEPA NHEXAS), environmental releases (USEPA TRI (USEPA, 2001a), ATSDR HazDat (Fay and Mumtaz, 1996) ), ambient air (USEPA AIRS (USEPA, 2001b)), surface water, groundwater, and sediment (USGS WQN (Alexander et al., 1998) and NAWQA (USGS, 2004) , USEPA STORET (Perwak et al., 1980) and EMAP (Eilers et al., 1987) ), soils and sediments (USGS NGA (Grossman, 1998) ), ecological (NOAA ORCA (Lauenstein and Cantillo, 1993) ), drinking water (USEPA SDWIS/FED (USEPA, 1998)), and dietary (USFDA TDS (USFDA, 2004) , USDA CSFII (Tippett, 1999) ). The new nationwide dietary intake database, called What We Eat in America (Dwyer et al., 2001) , was recently released by the US Department of Health and Human Services (USDHHS) for public use. This new database is the integration of two nationwide dietary intake surveys F the Continuing Survey of Food Intakes by Individuals (CSFII) and the National Health and Nutrition Examination Survey (NHANES), and has also been incorporated into the MENTOR system. The main sources of data used in the case study that follows were (1) the NHEXAS F Region V Study, (2) the USEPA CHAD, (3) the USDA CSFII, and (4) the USEPA AIRS air quality database. (See Table 1 for expansion of all acronyms mentioned above, as well as all other acronyms used in this article.)
NHEXAS was designed by the Office of Research and Development (ORD) of the US Environmental Protection Agency (EPA) and scientists from multiple disciplines early in the 1990s to provide critical information about multipathway, multimedia population exposure distribution to chemical classes Sexton et al., 1995 . The researchers worked with a statistically representative group of participant volunteers to measure the level of chemicals in the air they breathed; in foods and beverages they consumed, including drinking water; in the soil and dust around their homes; and in their blood and urine. Environmental copper levels were measured in tap water and drinking water. In addition, there were 536 records available for copper levels in food and beverages.
The AIRS (Aerometric Information Retrieval System) is a computer-based repository of information about airborne pollution in the US and various World Health Organization (WHO) member countries. The system is administered by the US Environmental Protection Agency (EPA), Office of Air Quality Planning and Standards (OAQPS), Information Transfer and Program Integration Division (ITPID). AIRS contains the air quality information for programs that attempt to improve and maintain air quality, and the data are listed using standard information requirements and information handling procedures. This approach enables comparison and use data collected by organization from individual states in the USA. Data are collected within local, state, and national monitoring networks, and reported by environmental agencies in each state to EPA. EPA is in charge of the maintenance of records. Copper content information for particulate matter (TSP, PM10, PM2.5) for the years 1982 to 2000 reported in AIRS for the US, Mexico, Puerto Rico, and the Virgin Islands has been incorporated in Copper_EXIS-USA (Georgopoulos et al., 2002b) .
Case Study
A case study was conducted for Eaton County, Michigan using the previously described PBEM framework within MENTOR/SHEDS-4M with databases obtained from Copper_EXIS-USA. This county was selected as an example because it was part of the NHEXAS F Region V study ; Table 2 summarizes basic demographic information for this County. The data used for the modeling analysis included:
Drinking water (standing water and flushed water) and food concentrations of copper obtained from the NHEXAS F Region V study (Sexton et al., 1995 ; see also USEPA's Human Exposure Database System (HEDS) website: http://oaspub.epa.gov/heds/study_list_frame).
Outdoor air concentrations of copper obtained from the USEPA's AIRS database (USEPA, 2001b) . Activity diaries and associated metabolic expenditures and needs rates for the calculation of inhalation rates from USEPA's CHAD database (McCurdy et al., 2000) . Drinking water and food consumption rates obtained from the NHEXAS F Region V study (Sexton et al., 1995) .
The following describe how the above steps of comprehensive population exposure modeling have been implemented within the MENTOR/SHEDS-4M framework into the current study.
Steps 1 and 2: The background outdoor air concentrations of copper were estimated using the measurements obtained from an AIRS monitoring station near Eaton County, Michigan (station ID: 260770905, located in nearby Kalamazoo County) for the period of January 1, 1996 to September 30, 1996 (see Figure 3) . The indoor air concentrations of copper were then calculated through microenvironmental model simulations. For copper concentrations in drinking water and food, the measurements obtained from the NHEXAS F Region V study were used. The distributions of these measurements (standing water, flushed water, food, and beverages) are shown in Figures 4a and b, 5 and 6, respectively. Each had a right-skewed distribution, which is quite common for environmental variables. Furthermore, none of the copper concentrations in drinking water exceeded the level of 3 mg/l, which may relate to acute effect of gastrointestinal symptoms (NRC, 2000) . These NHEXAS measurements were further organized and grouped together according to the demographic attributes of NHEXAS study subjects (such as age, gender, race/ethnicity, etc) in a structured relational database for latter usages in the current study.
Step 3: A sample of 1000 ''virtual individuals'' was selected so as to statistically reproduce the demographic characteristics of Eaton County, MI. To justify that a sample of 1000 people is sufficient to represent the study population, the age distribution of the six age groups reported for Eaton County, Michigan from the 2000 US census survey was compared to those obtained using the samples of 500 and 1000 people (see Figure 7) . It is shown that the sample of 500 people can provide satisfactory replication of the original age distribution, while the sample of 1000 people gives only a marginally improved representation. The behavior shown in Figure 7 is typical for other demographic variables also.
Step 4: A 24-h activity diary for each ''virtual individual'' of the simulated population was selected from the CHAD diaries so as to match the demographic characteristics of the virtual individual with respect to age, gender, and employment status. An activity diary is a sequence of events that simulate the movement of a ''virtual individual'' through geographic locations and microenvironments during the simulation period. Each event is defined by geographic location, start time, duration, microenvironment visited, and an activity performed. There are 113 microenvironments in the CHAD diaries. These microenvironments are grouped into nine categories in the current study: home, other indoor, outdoor, vehicle, school, office, store, restaurant, and bar.
Step 5: The inhalation rates of each ''virtual individual'' were calculated for each of the activity events of the diary obtained in Step 4. The drinking water and beverage intake rates were estimated using the MENTOR module to search the CSFII database and extract the matched values based on age and gender. The dietary intakes of copper were estimated directly from the measurements of the NHEXAS F Region V study.
Step 6: The estimated intake rates were then combined with the corresponding multimedia concentrations of copper to assess exposures. For each ''virtual individual'', the concentrations of drinking water, food, and beverages were estimated by extracting the records from the relational database of the NHEXAS measurements with the similar demographic attributes.
As mentioned in the Background section, the copper concentration in drinking water can be different for standing water and flushed water. Standing water typically has higher values of copper concentrations due to chemical and electrochemical processes occurring during stagnation of the water in the copper pipes. Flushed water has lower copper concentrations, since the water was run for a few minutes before sampling, and could be considered of the same composition as at the water utility plant. It is therefore important to distinguish consumption of standing and flushed water. Since there are no records available specifically for drinking water consumption habits of individuals in the NHEXAS study, a simplified method was developed and Assessment of human exposure to copperused in the present work to distinguish the two drinking water ''sources.'' The method assumes that individuals drink water from a standing water source at their first meal of the day (breakfast), and then drink flushed water for the rest of the day. This assumption applied to the general population except the children in pre-school ages (0-4 years old) in Eaton County, Michigan, since young children usually get up later and they will not be exposed to first draw water as much as adults. The fraction of drinking water assigned as standing water is calculated by dividing the first meal time by the total meal time in a 1-day period according to the activity diary of each individual from CHAD. Thus, the total amount of exposure of an individual to copper in drinking water is then calculated as follows:
where D tot is the total amount of drinking water consumed per day, F s is the fraction of drinking water source from standing water, C s is the copper concentration in standing water, C f is the copper concentration in flushed water. Figure 8 shows the distributions of copper concentrations (mg/l) in intake water calculated using the above assumption versus those measured in standing and flushed water. It is shown that the distribution of copper intake concentration in drinking water lies between those in standing water and flushed water, as they represent the lower (flushed water) and upper (standing water) bounds of the drinking water intake concentrations calculated from the above assumption.
Results of the simulations, performed with the PBEM implementation of MENTOR/SHEDS-4M and Copper_ EXIS-USA, are presented in Figure 9 and Figure 10 , and illustrate the cumulative copper exposure distributions from inhalation, food intake, and drinking water consumption for Eaton County, MI, respectively, for the general population ( Figure 9 ) and for individual age groups of the general population ( Figure 10 ). It is observed that food intake appears to be the major pathway for the total copper exposure. The drinking water pathway, however, shows significant contributions at the tail of the distribution of dose. Further, it should be noted that for the Eaton County population, over 80% of the population received doses of copper from food intake that were lower than the IOM recommended RDA value of 900 mg/day. The total intake from food and water summed to an intake amount which was only about two times greater than the recommended value for only individuals with intakes in the range above the 99th percentile of both food and water. The intake amounts were well below the upper tolerable intake value of 10,000 mg/day. The inhalation route consistently acted as only a minor contributor to the total exposure, generally being a factor of about 10-1000 lower than either food or water intake. The cumulative distributions of copper intake obtained for most individual age groups (5-19, 20-34, 35-54, 55-64, 465 years) were similar to the values obtained for the total population. Figure 11 compares the cumulative copper exposure distributions from food intake and drinking water consumption calculated for Eaton County, MI with the estimates presented in the NRC report (NRC, 2000) , where a constant copper drinking water concentration was assumed to be at MCL level (1.3 mg/l). It can be seen that the distribution curves for food intakes from the two studies are closer than those for drinking water intakes. It was acknowledged by the NRC report that comprehensive nationwide survey data for copper in drinking water are not available, and therefore constant copper concentration at the MCL level (1.3 mg/l) was used in order to illustrate potential distributions of copper intake for certain segments of the population if they were to consume water at this level. However, actual measured copper concentrations in drinking water, from the NHEXAS field study, were used in the MENTOR/ SHEDS calculations for Eaton County, MI. Since both studies estimated drinking water consumption rates based on the same original data (Tippett, 1999) , the differences in copper concentrations account for the discrepancy in the exposure distribution curves; it can be stated that the NRC approach significantly overestimates the contribution of the drinking water pathway for the NHEXAS Region V population considered here. 
Discussion
The outcomes of the case study presented here indicate that the NHEXAS study data provide a valuable set of variables for developing initial estimates of multipathway exposures to multimedia environmental agents, such as copper. The CHAD database provided a means for bridging certain data gaps in activity patterns and linking these patterns to exposure characterization algorithms. The strength of the estimates from the simulations does, however, suffer somewhat from not having detailed patterns of drinking water use available for each subject. This uncertainty points to the need to include collection of detailed individual and populationbased data on the patterns and activities associated with the usage (drinking, cooking) of tap water as well as the consumption of bottled water and beverages in future studies that are designed to examine exposures to multimedia environmental agents such as copper. Considering the fact that, for at least the high end of exposures, the intakes associated with the food and water ingestion pathways were similar, each would have to be considered in the design of a study aiming to identify potential links between exposure and health effects related to high intake of copper, for example, liver toxicity in sensitive populations (NRC, 2000) . In contrast, it is clear that, for all age subgroups of the general population, the food pathway is the most significant source of exposure, and use of copper supplements could assist in reducing the risks caused by having too little copper in the diet. Even if the levels of copper in water found in the NHEXAS study were increased by a factor of 10-50 for the high-end range (Figure 4 ), bringing these values closer to the level of 3 mg/l that may relate to acute effects involving gastrointestinal symptoms (NRC, 2000) , the food pathway would still be a dominant or equivalent exposure driver. Figure 10 . Cumulative population exposure distributions to copper, resulting from inhalation, food, and drinking water consumption, as well as total intake for all age groups (0-4, 5-19, 20-34, 35-54, 55-64 , and 65 years and older) of Eaton County, MI, calculated with MENTOR/SHEDS.
An important uncertainty involves the understanding of how robust the CHAD database is in characterizing activities that can lead to contact and high-end exposures within various subgroups of the general population. A major observation derived from the present analysis is the need to conduct exposure studies that will collect data necessary to evaluate F and expand F the adequacy of CHAD in characterizing ''high-end contacts'' within a population of concern. Specifically with respect to copper exposures, such an investigation should try to determine if there are ''highend groups'' that are exposed to levels of copper in drinking water that are of a concern for public health. With this in mind, the populations should be selected in at least two distinctly different areas: one with a known history of high copper in water (e.g., a specific area in the US or another country), and another area where copper pipes are used, but is not necessarily known for high copper problems. A location within the previously examined NHEXAS Region V (Michigan, Ohio, Minnesota, Wisconsin, Indiana, or Illinois) would appear to be appropriate for the latter. Figure 11 . Cumulative distributions of copper intake from food (mg/ kg) and drinking water (mg/kg), calculated with MENTOR (based on data from the NHEXAS USEPA Region V Study) compared to the National distributions calculated by NRC (NRC, 2000) .
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